Abstract-A toroidal magnet system consisting of six superconducting coils is being built for the Jefferson Lab 12 GeV accelerator upgrade project. This paper details the analysis of eddy current effects during a quench event on the aluminum thermal shield. The shield has been analyzed for mechanical stresses induced as a result of a coil quench as well as a fast discharge of the complete magnet system. The shield has been designed to reduce the eddy current effects and result in stresses within allowable limits.
I. INTRODUCTION
T HE challenges with the 12 GeV upgrade is the size and complexity of the magnet system that needs to be accommodated as a part of the magnet system in HALL B at Jefferson Lab [1] , [2] . As part of the design and engineering task in building the torus, it is important to establish analytically that a magnet of this size, as shown in Fig. 1 , can survive quench dynamics. The quench scenario that is summarized here is a magnet fast discharge from 3770 A to 0 A in less than five seconds. All superconducting coils are driven normal by "quench back" as a dump resistor in the protection circuit, as shown in Fig. 2 , removes 50% of the energy. This paper presents the evaluation of the stresses in the aluminum shield when exposed to the fast discharge (considered to be the worst case). The heat shield is designed to have stresses below yield during this fast discharge. Yielding of the shield has the potential to create a thermal short between the shield (80 K) and the coil case (4 K). During subsequent operation, the increased heat load on the coil case could increase the temperature of the coil and result in future quenches of the magnet.
This analysis uses ANSYS Maxwell [3] to calculate forces on the shield due to quench. These forces are then applied to a structural model in ANSYS Mechanical [4] 
II. MAGNET OVERVIEW
Each of the six coils is vacuum-pressure impregnated with epoxy inside an aluminum coil case. The magnet coils are wound with Superconducting Super Collider, 36 NbTi strand Rutherford cable soldered in a copper channel. On the outside of the coil are two layers of 0.635 mm thick copper. The copper sheets provide cooling from the 4.6 K (nominal) helium cooling tubes to the conductor and the coil case. The outer thickness of the coil case and cover is 3.6 mm thick aluminum. The 80 K thermal shield is 8mm from the coil case surface. The stainless steel vacuum jacket is 12 mm from the heat shield. Cross sections of the coil and cryostat are shown in Fig. 3 .
During a fast discharge, eddy currents are generated in the copper sheets, coil case and cover, and the thermal shield. These eddy currents result in forces normal to the surfaces that tend to push the affected areas inward toward the coil. The thermal shield was analyzed for this loading.
III. ELECTROMAGNETIC ANALYSIS
The magnet is analyzed operating at full current (3770 A) with a total magnet inductance (L T ) = 2.0 H and storing 14.2 MJ. The dump resistor resistance of 0.124 Ω is connected across the magnet transport current leads as the part of the magnet protection system. The event postulates all 6 coils (electrically connected in series) have quenched at the same instance. The normal resistance of each coil above the generation temperature, say at 10 K, is 0.059 Ω (This design evaluation uses a worst case resistance, 2.5 times more than copper resistance in our specification-providing enough margin that also includes the effect of magneto-resistance). The total resistance in the closed electrical loop circuit is about 0.478 Ω (neglecting leads resistance ∼ 0.1 mΩ). The nor- 
Looking at the exponential decay of the current shows that during the first 0.1 sec, the rate of change of current (dI/dt) is approximately ∼900 A/sec (for this design evaluation, we considered the coil only and dI/dt is primarily dominated by the superconducting coil and not the coil case). For the purpose of the structural analysis, a linear ramp down rate of 1000 A/sec is assumed and analyzed. By using the higher linear ramp rate for the analysis, the design is conservative in terms of stress and deflection. A plot of the exponential decay and the linear rate used in the analysis is shown in Fig. 4 . Not considered in this calculation is the mutual coupling between coil and shroud that retards dI/dt and decreases ramp down rate by a factor of 2.5 [5] .
The TORUS magnet electrical parameters as listed in Table I .
A transient analysis was performed using ANSYS Maxwell to calculate eddy current forces. The model included a single coil and thermal shield. Early analyses including the aluminum coil case showed that inclusion of the coil case reduced the eddy currents in the shield. To reduce the model size, subsequent analyses used only the coil and shield. This adds some conservatism to the structural analysis. The heat shield model is 6061-T6 aluminum. The dimensions of the shield are approximately 4 m × 2 m × 3 mm thick. The heat shield has been designed as individual panels connected with G10 spacers. Using individual panels, compared to using one large plate, breaks up the eddy current paths thus reducing the out of plane forces on the shield. Current density vector plots for a continuous shield and the segmented shield are shown in Figs. 5 and 6. The slits, also known as eddy current breaks, were engineered using numerous simulations. The slit placement avoids any local concentration of eddy current loops that exist near the high magnetic flux density location at the hub where flux from the other five coils superposes on the coil we analyzed.
For the continuous shield, the majority of the current density is between 7 × 10 6 A/m 2 to 12 × 10 6 A/m 2 (average of 9.5 × 10 6 A/m 2 ) with local peaks about 15 × 10 6 A/m 2 . For the segmented shield, the majority of the current density is about 2 × 10 6 A/m 2 to 3 × 10 6 A/m 2 (average of 2.5 × 10 6 A/m 2 ). The local peak spot of about 10 × 10 6 A/m 2 is attributed to the modeling anomalies and is neglected. The segmented shield reduces out of plane, Lorentz forces by 80% (from 94 kN to 17 kN) compared to the continuous sheet due to the lower eddy currents. The maximum out of plane force occurs at 0.3 seconds after initiation of the fast dump. The loads at 0.3 seconds are used in a quasi-static analysis to assess the shield for stresses and deflections. The single coil quench case of the earlier analysis, carried out on the coil case and the superconducting coils, shows that quench-back is expected within 0.3 sec [6] . This interval suggests that the magnet with a linear discharge rate ramps the current down within 8.7 sec. This discharge rate is slower than the discharge rate (3.8 sec) used for the analysis of the Torus shield, resulting in a conservative design. A comparison of the out of plane forces in a continuous shield and a segmented shield is shown in Fig. 7 .
IV. STRUCTURAL ANALYSIS
The forces were imported into a structural model and analyzed with ANSYS Mechanical. Since all coils are ramped down simultaneously, the eddy currents in each shield are the same. This is taken advantage of in the modeling of the shield geometry. A single shield is modeled for the eddy current analysis. The shield model is shown in Fig. 8 .
The material strengths used to assess the stresses are the strengths at 80 K. The shield is designed with a series of bumpers that have two different lengths. The long bumpers are always in contact with the coil case and keep the shield from compressing the Multi-Layer Insulation (MLI) between the shield and the case. The short bumpers are not normally in contact with the coil case, and might only come into contact with the case during a fast discharge. The bumpers help to reduce the stresses and deflections of the shield. The deflections from the analysis for a ramp down rate of 1000 A/s are shown in Fig. 9 . The maximum deflection in the shield is 8 mm. The stress results of the analysis on the shield are shown in Fig. 10 . The maximum stress on the shield is 100 MPa, well within the yield strength (332 MPa) of the 6061-T6 AL at 80 K [6] , [7] .
In addition to the global stresses in the shield panels, the analysis looked at the side support pins that are located at the edges of the panels. A sub-model was used to look at the stresses in the pins and the sub-model stress results are shown in Fig. 11 . The stresses in the heat shield and support pins are all below the yield strengths at 80 K. In addition, the stresses in the G10 spacers were also assessed. Plots are not included here for the spacers, but the stress values are included in the factors of safety as listed in Table II . Since the analysis is conservative, a minimum factor of safety of 1.0 is used for the stress limits.
V. CONCLUSION
The segmentation of the shields reduces the current density from 9.5 × 10 6 to 2.5 × 10 6 A/m 2 with corresponding significant reduction of out of plane forces from 94 kN to 17 kN.
The Torus magnet heat shield has been designed and analyzed for a fast discharge of 1000 A/s. This assumption is conservative not from stress or deflection, but from actual possible ramp rate. The analysis shows that the shield component stresses are below yield for this scenario.
